ABSTRACT -Eight rumen-cannulated steers were assigned to two 4 × 4 balanced Latin squares to evaluate degradability and kinetics of fiber particles from diets based on corn silage and supplements with or without addition of lipids. Dietary treatments were: only corn silage (T1), corn silage plus concentrate with no added lipids (T2), corn silage plus concentrate with added soybean oil (T3), and corn silage plus concentrate containing ground soybean seeds (T4). Kinetics of gastrointestinal transit of fibrous particles was evaluated based on chromium-mordanted fiber. Events of rumen degradation dynamics of fibrous carbohydrates were quantified using the in situ incubation procedure. The mixed models methodology from SAS was used to fit models and the Tukey test was used to compare means. The ruminal digestibility of fiber was lower in treatments T3 and T4 and, consequently, lower proportions of potentially digestible fraction of standardized fiber and higher proportions of indigestible fraction of standardized fiber for treatments T3 and T4 compared with T1 and T2 were observed. However, there were no differences in mean retention time of the rumen, total mean retention time, mean digestion time, and rumen fill among diets. Animals from T2, T3, and T4 showed higher dry matter intake, organic matter intake, and crude protein intake rates than animals receiving T1 diet, but there was no effect of the addition of lipid. Treatments did not differ regarding neutral detergent fiber intake. Animals from T1 had lower crude fat intake than animals from T2, which showed lower crude fat intake than those from T3 and T4. The addition of lipid to concentrate has no effect on passage rate, digestion rate, and intake, when a good quality roughage is used.
Introduction
The dry matter intake (DMI) determines the uptake of nutrients needed to meet maintenance and production requirements and is the most important variable in the assessment of high-roughage diets, because it is highly correlated to animal production (Noller et al., 1996) .
The ability of feed to provide nutrients for animals depends on the competition between rates of degradation and passage throughout the gastrointestinal tract (Van Soest, 1994) . The neutral detergent fiber (NDF) content in forages is highly correlated with intake and digestibility. According to Van Soest (1965) , the forage DMI is more correlated with NDF than with any other chemical component and rumen volume is affected by forage NDF (Van Soest, 1994) .
Lipid supplementation in ruminant diets has a direct effect on ruminal degradability of fiber, because unsaturated fatty acids are toxic to fibrolytic bacteria (Richardson et al., 1984; Chalupa et al., 1986) . The presence of lipids creates a physical barrier on the surface of fibrous particles and prevents the action of bacterial enzymes on sites of potentially digestible NDF. Lipids reduce NDF degradation in the rumen (Ferlay and Doreau, 1992) , but the magnitude of depression varies with lipid chemistry and quantity, animal species, and experimental conditions (Dong et al., 1997) . Therefore, the usual recommendation is that the total fat content of diet should not exceed 50 g/kg of the feed dry matter (DM) to avoid depressions on intake and NDF digestibility, which, in its turn, would reduce the benefit of a larger energy density in the diet by the addition of lipid (Palmquist and Jenkins, 1980) . Later, Palmquist (1989) and Jenkins (1993) suggested the 70 g/kg threshold, above which lipids reduce both DMI and NDF digestibility.
R. Bras. Zootec., 45(12): [773] [774] [775] [776] [777] [778] [779] [780] 2016 In light of the above-mentioned facts, we expect that the reduced digestibility of the fiber fraction of the diet caused by lipids may be accompanied by decreases in digestibility of other nutrients too, because fatty acids reduce the pH of the rumen and, consequently, alter the ruminal microbiota, which compromises the energy availability of the diet. Furthermore, lipids may limit DMI by increasing the retention time of ingested fibrous particles in the rumen because of a reduced passage rate through the gastrointestinal tract.
We aimed to estimate intake and the kinetic parameters of degradation and passage of the NDF of diets based on corn silage and concentrate supplements with or without addition of lipids.
Material and Methods
Eight rumen-cannulated European-Zebu crossbred steers with average live weight of 281.3±28.7 kg and 401.1±20.5 kg at the beginning and end of the experiment were used. The animals were divided into two simultaneous 4 × 4 balanced Latin squares. The animals with permanent rumen cannulas were maintained according to the protocol number 207 (maintenance and care of animals with permanent rumen cannulas) approved by the Institutional Ethics Committee for Animal Use. The animals were dewormed and housed in individual pens provided with feeder and water drinker, where they were adapted to facilities, diets, and experimental conditions before the beginning of the experiment.
We used four experimental diets (Tables 1 and 2 ) to compare corn silage (T1), corn silage and a conventional concentrate without addition of lipids (T2), corn silage and concentrate containing 50 g/kg DM of lipid by addition of soybean oil (T3), and corn silage and concentrate containing 50 g/kg DM of lipid by addition of cracked soybean seeds (T4).
The experiment lasted 112 days and consisted of four periods of 28 days, 12 days for adaptation of animals to treatments and the remaining 16 days for sample collection.
The animals were fed at 8.00 and 16.00 h daily and orts were kept on 5%. Intake was measured daily by the difference between the amounts of feed offered and orts. The feed supplied was sampled and orts were weighed before the morning meal. An amount of 10% of orts (fresh basis) was sampled daily to form composite samples for each animal × period interaction.
Samples of corn silage, concentrates, and orts were dried in a forced-air oven at 55 °C for 72 h and grounded to 1 mm in a Wiley mill for further analyses, as follows: dry matter (AOAC method 967.03; AOAC, 1990) Thiex et al., 2003) , and neutral detergent fiber (aNDFom) estimated according to AOAC method 2002.04 (Mertens, 2002) , but on Berzelius flasks with spouts.
The daily intakes of DM, OM, CA, CP, CF, and aNDFom were calculated considering the quantities (kg) of the respective nutrients in the offered matter and in the orts.
To evaluate the pH of the rumen fluid, on the 23rd day of each experimental period, the direct samples were collected at the liquid-raft interface of the rumen before and two, four, six, and eight hours after the morning meal. Afterwards, the samples of rumen fluid were filtered through three layers of cheesecloth and the pH was measured by digital pH meter.
From the 24th to 28th day of each experimental period, the transit of fibrous particles was evaluated throughout the gastrointestinal tract based on the supply of a pulse dose of mordant chromium as an external marker (Udén et al., 1980; Ellis et al., 1994) . Samples of the forage fed at each period were taken to prepare the chromium-mordanted fiber. At 8.00 h on the 24th day, 100 g of mordanted fiber were placed in the rumen of the animals. Fecal samples were collected from the rectum at 0, 3, 6, 9, 12, 15, 18, 21, 24, 28, 32, 36, 40, 44, 48, 54, 60, 72, 84, 96, 108 , and 120 h after marker administration. The samples were dried in a forced-air oven (55 °C for 72 h) and processed in a Wiley mill (1-mm sieve). Chromium levels were measured using the methodology described by Campbell and Plank (1992) with modifications, in which samples were wetdigested using nitric acid and hydrogen peroxide for further inductively coupled plasma analysis. For the estimation of passage kinetics, an in situ incubation procedure was carried out to quantify the dynamic events of rumen degradation of fibrous carbohydrates. For that, the silage samples were pre-dried in a forcedventilation oven at 55 °C and processed in a Wiley mill (5 mm). The material was weighed into tared nylon bags, according to a DM to bag surface ratio equal to 20 mg/cm 2 (Nocek, 1988) . Nylon bags were introduced directly into the rumen of the animals. Incubation times evaluated were: 0, 3, 6, 9, 12, 18, 24, 30, 36, 48, 72, 96 , and 120 h. After removal, bags were rinsed thoroughly with tap water until the wash water was clear. In sequence, bags were dried in a forced-ventilation oven at 55 °C for 72 h and the aNDFom content was determined by the AOAC method 2002.04 (Mertens, 2002) on Berzelius flasks without spouts.
A Gaussian noise model was used to describe the kinetics of a marker concentration (Cr) in the feces, as follows (Matis, 1972; Pond et al., 1988) :
in which is the probability density function; λ is the asymptotic value of the time dependent passage rate; and N is a positive integer whose values are valid for N≥2. The parameters of this model provide estimates to explain the dynamics of fibrous particles through the gastrointestinal tract of ruminants (Matis et al., 1989; Ellis et al., 2000) .
The k p values were estimated according to Pond et al. (1988) Eq. (04) Eq. (05) The interpretation of fiber profiles were made employing the decreasing logistic model proposed by Vieira et al. (2008a): Eq. (06), in which R(t), expressed as g/kg DM, is the aNDFom residue after incubation for a given time, t (hours); Ã is the unavailable form of A NDF fraction (g/kg DM); A NDF is the potentially digestible fiber fraction available to be digested by rumen microorganisms (g/kg DM); k d is the degradation rate of A NDF ; and U is the indigestible fraction of aNDFom. Fractions A and U were normalized (Waldo et al., 1972) and named as An and Un. If the nature of the substrate allowed almost immediate digestion, it was assumed that N = 0 and λ α → ∞. In this case, R(t) was converged to a decreasing exponential model with no "lag" (Vieira et al., 2008a) .
The true rumen digestibility of fiber was determined as proposed by Ellis (1978) and Ellis et al. (1994) , using the mathematical model described below:
in which D NDF is the true ruminal digestibility coefficient of fiber; k d is the degradation rate of potentially degradable fraction; and is the average estimated escape rate of rumen particles.
The rumen fill effect of fiber was estimated using the model of Ellis (1978) and Ellis et al. (1994) :
Eq. (08) The mean digestion time was estimated according to Vieira et al. (2008a) , whose principle was described initially by Matis et al. (1989) :
; otherwise, , Eq. (09) The parameters of the degradation and passage models of fibrous particles were estimated using the NLIN procedure of SAS (Statistical Analysis System, version 9.0). Both algorithms, Newton and Marquardt were used. The preferred algorithm was Newton, but when the correlations between the parameter estimates were high, the Marquardt algorithm was preferred (Vieira et al., 2008a; . In some cases, the estimates of degradation parameters were obtained according to the procedures of robust regression to reduce the effect of outliers (Beaton and Tukey, 1974 The selection of the order of time dependency (N) and, therefore, the best model to explain the dynamics of particles was evaluated by calculating the Akaike information criterion (Akaike, 1974) corrected for finite samples (AICc h ) (Sugiura, 1978) . The AICc h was calculated from the sum of squares of residues from the estimated parameters, including the residual variance and the sample size. The values of AICc h , model probability, and evidence ratio for each N version were calculated using the equations described by Vieira et al. (2008a,b; .
In the statistical analysis of the parameter estimates of the particle dynamics and nutrient intake, the following statistical model (Tempelman, 2004) was used:
Eq. (10), in which y ijk is the observation in the k-th animal receiving treatment i in j-th period; α i represents the effect of the i-th treatment, for i = 1, 2, 3, and 4; β j represents the effect of the j-th period, for j = 1, 2, 3, and 4; and a k represents the effect of the k-th animal, k = 1, 2, 3, 4, 5, 6, 7, and 8 with variance component σ 2 . The statistical analysis of intake data was performed as follows:
Eq. (11), in which y ijklm is the observation on day m, in Latin square l, in the animal k, in the period j, in certain treatment i; α i represents the effect of the i-th treatment, for i = 1, 2, 3, and 4; P j represents the effect of the j-th period, for j = 1, 2, 3, and 4; A k represents the effect of the animal k-th, for k = 1, 2, 3, 4, 5, 6, 7, and 8; Q l represents the effect of the k-th Latin square, for l = 1 and 2; D mj represents the effect of day m, within the period j, m = 1, 2, 3, 4 and 5; and e ijklm represents the random error with zero mean and variance σ 2 . The treatment effect was considered fixed and the effects of Latin square, period, animal, and day were considered random.
The statistical model was fitted by the PROC MIXED procedure of SAS (Statistical Analysis System, version 9.0) with maximum likelihood as the estimating method and variance-covariance matrices arranged as compound symmetry, random auto regressive correlations, variance components, and unstructured variance-covariance without restrictions (Littell et al. 1998 (Littell et al. , 2006 . Once the AICc (Akaike information criterion) is one of the outputs of SAS, these different variance-covariance structures were evaluated based on the information criteria described by equations as suggested by Vieira et al. (2008a,b; . The protected Tukey test was used to detect differences between treatments (Littel et al., 2006).
Results and Discussion
The structure of the variance-covariance arranged as variance components was the best model to estimate the parameters of passage rate and degradability of the fibrous fractions in the gastrointestinal tract. For intake of DM, OM, CA, CP, CF, and aNDFom, the best structure was the random auto regressive correlation.
The effects of period and treatment and period interaction for all variables analyzed by fitting Eq.(10) were nonsignificant; however, there were significant treatment effects for the variables D NDF , standardized potentially digestible fiber (Bn), and standardized indigestible fiber (Un) ( MRRT -mean ruminal retention time; MTRT -mean total retention time; MDT -mean digestion time; D NDF -ruminal coefficient of fiber digestibility; RF -rumen fill; Bnpotentially digestible standardized fiber; Un -indigestible standardized fiber; DMI -dry matter intake; OMI -organic matter intake; CAI -crude ash intake; CPI -crude protein intake; CFI -crude fat intake; and NDFI -neutral detergent fiber intake.
Table 3 -P-values of the model effects as Latin square (LS), treatments (TREAT), period (PER), and interactions (LS × TREAT and PER × TREAT) for the analyzed variables
The D NDF was lower for treatments containing concentrate with the addition of lipid (T3 and T4) (Table 4) . Therefore, there were also lower proportions of Bn and higher proportions of Un for those treatments with addition of lipids. All treatments consisting of corn silage and corn silage and concentrate with no addition of lipids presented the opposite behavior (Table 2) .
Corn silage is the most used roughage in intensive production systems and the reduction of its fiber digestibility decreases the availability of digestible and metabolizable energy of this forage source (Jardim et al., 2013; 2015) , which implies a reduction in the daily weight gain of the animal. Nevertheless, we did not consider this variable, because short periods of evaluation hamper inferences on weight gain (Eaton et al., 1959) , as those short periods of the Latin square design.
The lipids added to the diets of ruminants can modify rumen fermentation by physical and chemical mechanisms. Polyunsaturated fatty acids are toxic to some ruminal microorganisms, particularly protozoans, methanogenic, and fibrolytic bacteria (Palmquist and Mattos, 2006) . Added lipids can also coat food particles, which limits the particle colonization by microorganisms, a necessary step for hydrolysis to occur by the digestive actions of bacterial enzymes on plant tissues (Palmquist and Mattos, 2006) . As a result of these two mechanisms, which agree with the findings of our study, there is a reduction on the digestibility of the fibrous fraction as a consequence of an increase in the indigestible fraction (Un) and a reduction of the potentially digestible fraction (Bn) with the addition of lipid.
The reduction of fiber digestibility caused by lipids may be accompanied by decreases in the digestibility of other nutrients, which compromises the energy value of feed, and may limit the DMI for promoting greater retention time of the fiber in the rumen and lower passage rate through the gastrointestinal tract. However, in this study, no differences were found in MRRT (P = 0.533), MTRT (P = 0.998), mean digestion time (MDT; P = 0.168), and rumen fill (RF; P = 0.345) among the diets irrespective to the presence of lipids. Despite the reduction in D NDF and Bn and the Un increase as a result of the addition of lipid to the diet, no effects of the addition of lipid on RF and MDT were observed. According to Mertens (1987) , rumen fill asymptotes at a fiber intake rate, on average, of 12 g/kg of live weight per day, which physically constrains intake. In this study, no animal ate fiber at an intake rate greater than 10 g/kg of live weight per day. This means that the regulatory mechanisms constraining intake might have operated at the physiological level. Consequently, there was no effect of the addition of lipid on both fiber MRRT and MTRT. This can be explained by the good quality of the silage given to the animals (Table 2 ) and by the fact that the degradability of fiber presented no detectable lag because λ α → ∞, which means that the nature of the substrate allows, for all practical purposes, its immediate digestion (Vieira et al., 2008a) . Whenever a silage of the reported quality reaches the rumen, no time for substrate preparation is necessary for microbial digestion.
The physical distension of the rumen has been accepted as the main factor limiting the intake of forages and diets with high fiber content (Baile and Forbes, 1974; Allen, 1996; Allen and Bradford, 2012) . Intake rates varies inversely with the filling capacity of the roughage, which is represented by the mass of fiber present in the rumen (Conrad et al., 1964; Mertens, 1987; Vieira et al., 2008b; Regadas Filho et al., 2014a,b) . In this study, the diets containing lipids showed no ruminal distension effect (P = 0.087), which is demonstrated by the constancy of fiber intake, regardless of the treatment (Table 5) .
The intake of DM, OM, CA, CP, and aNDFom of the animals were not affected (P = 0.463, P = 0.450, P = 0.690, P = 0.309, and P = 0.830) by the addition of lipid. Probably, the level of addition of lipid used was not high enough to limit intake, because this reduction is usually a consequence of reduction of food passage rate through the rumen, a variable that was not affected by the addition of lipid either (P = 0.498). The reduction of ruminal digestibility of fiber can also reduce intake, especially of aNDFom whenever fill is the limiting factor (Conrad et al., 1964; Ellis, 1978; Allison, 1985; Allen, 1996) . In this study, as previously shown, a reduction of MRRT was not observed with the addition of lipid; however, the digestibility of fiber was reduced by the addition of lipid, but the reduced digestibility did not affect the aNDFom intake. The digestibility depression did not affect the fiber (aNDFom) intake rate because digestion is the result between two competing forces (digestion and passage). Therefore, compensating mechanisms may operate as well, e.g. at higher intakes, there is less time for digestion and by far animals could hold a larger digesta load of fiber that was not provided by any of the formulated diets. According to Osbourn et al. (1974) , in adult animals, the energy intake is limited by animal demand and not by rumen fill, when the NDF content of diet is below 50 to 60%. However, in this study the use of concentrates interfered (P<0.001) in intakes of DM, OM, CP, and CF. The animals that received concentrates (T2, T3, and T4) had higher intake rates of these nutrients than animals fed only corn silage (T1).
The non-fibrous carbohydrates provided by the concentrates may reduce ruminal pH (Tamminga et al., 1990) and fiber digestion (Russell, 2002) . The lower digestibility of the fiber may derive from the preference of microorganisms for more rapidly fermentable carbohydrates (Hoover, 1986; Russell, 2002) and from the adverse effects of a reduced pH on fibrolytic microorganisms (Russell, 2002) . However, in this study, the addition of concentrates did not reduce fiber digestibility and ruminal pH (Figure 1) , probably due to the moderate level of concentrate addition (30%).
In this study, diets containing concentrates had greater DM, OM, CP, and CF contents (Table 2 ) than the sole corn silage diet. Animals fed sole corn silage presented the lowest intake rates of these nutrients (P<0.001, P<0.001, P<0.001, P = 0.334). The CF content of diet may also explain the lower CF intake rates observed for T1, if compared with T2 (P = 0.403), and for T2, if compared with treatments T3 and T4 (P = 0.830). Regarding ash intake rate, differences were observed (P<0.001) between treatments, but without a clear trend, probably due to contamination of the orts with minerals from the concrete-made trough.
Conclusions
The addition of lipid reduces fiber digestibility and both increase and decrease the in situ estimated amounts of indigestible and potentially digestible fractions, respectively. Nevertheless, the kinetic-related estimates such as mean retention times, mean digestion rates, and measurable intake rates appear insensitive to the addition of lipid for growing steers fed corn silage and concentrates. Therefore, the use of lipids in concentrates for cattle is an interesting strategy because it increases the energy concentration of the diet without reducing the passage rate, fiber degradability, and intake rates of nutrients when the roughage provided is of good quality. 
